This study investigates the sensitivity of the mechanistic-empirical flexible pavement design performance parameters such as cracking, rutting, and smoothness to mix factors for 11 categories of hot-mix asphalt (HMA) mixtures. For each category of HMA mixture, the variations in the pavement performances for different effective binder content (V be ), air void (V a ), voids-in-mineral aggregates (VMA), voids-filled-with asphalt (VFA), and asphalt content (AC) are examined by the AASHTOWare Pavement Mechanistic-Empirical Design, simply the AASHTOWare software analysis. Five types of distresses: international roughness index (IRI), total rutting, rutting in the HMA layer, bottom-up fatigue cracking, and top-down longitudinal fatigue cracking are considered in the analysis. Results show that the prediction of distresses values after 20-year of service life using the AASHTOWare software may differ by up to 170% for different specimens of a certain mix design. All distresses, except rutting, increase in V a , VMA, and VFA. Rutting in HMA increases with an increase in VMA and VFA, and is insensitive to V be , V a , and AC in the study range of these parameters.
Introduction
In the AASHTOWare Pavement Mechanistic-Empirical (ME) design, simply the AASHTOWare design, the flexible pavement performances such as the fatigue cracking, rutting (permanent deformation) along the wheelpath, longitudinal cracking, etc., are predicted based on the stress-strains developed in different layers especially at the asphalt layer. There can also be subgrade rutting; however, this study includes the total rutting (sum of rutting of all layers) and the rutting in asphalt layer only. Note that flexible pavement means the pavement that has predominantly asphalt materials in the surface layer. Hot-mix asphalt (HMA) is mostly used in asphalt layer, although cold or warm asphalts are also available now-a-days. The stress-strain to be developed in asphalt layer is dependent on the mechanical properties such as modulus of asphalt layer. The more accurate the material properties the better the pavement design. Dynamic modulus, |E*| of asphalt material is the most important input parameter for asphalt layer. It is defined as the ratio of the amplitude of the sinusoidal stress at any given time and the amplitude of the sinusoidal strain at the same time and frequency. Note that modulus of elasticity or the Young's modulus is not used for asphalt materials and it cannot represent the viscoelastic behavior of asphalt materials. |E*| helps to define the viscoelastic nature of asphalt by quantifying the effects of temperature and frequency on stiffness under dynamic loading. This is necessary to accurately predict the in situ pavement responses to different traffic speeds, and temperatures throughout the pavement's cross-section.
The |E*| of HMA depends on many mix factors: aggregate, binder, air voids, etc. Many empirical based |E*| models are available in the literature addressing these factors on the dynamic modulus of HMA, such as the viscosity-based (η) Witczak model, the shear modulus-based Witczak model, and the Hirsch model. Clyne et al. [1] evaluated the Witczak model and proposed a revised model for the mixtures used in the state of Minnesota, USA. Rahmand et al. [2] revised the Witczak model for the mixtures used in the state of New Mexico, USA. Birgisson et al. [3] revised the Witczak model for the mixtures used in the state of Florida, USA. There are many other studies that studied the predictive models in the different regions such as Louisiana, Washington, Arkansas, etc. [4] [5] [6] [7] [8] [9] [10] . However, the effects of different mix factors on the performance of asphalt pavement are not explored in the literature. Thus, this study focuses on the effect different mix factors have on the performance of asphalt pavement using the AASHTOWare software (Version 2.3.1, American Association of State Highway and Transportation Officials, Washington, DC, USA). Different mix factors included in this study are asphalt content (AC), air void (V a ), voids in mineral aggregates (VMA), void-filled with asphalt (VFA), effective binder content (V be ), etc. Asphalt content (AC) is the total amount of asphalt binder used in the mix and expressed as the percentage of the total mix by weight. Air void (V a ) is the total volume of the small pockets of air between the coated aggregate particles expressed as a percent of the bulk volume of the compacted mixture. The volume void space among aggregate particles of a mixture that includes the air voids and the effective asphalt content is known as VMA. The portion of the voids in the mineral aggregate that contain asphalt binder is known as VFA. The total asphalt binder content of the mix less the portion of asphalt binder that is lost by absorption into the aggregate is called the effective asphalt content (V be ). This portion of binder is coated on the aggregate surface and takes part in binding aggregates. In summary, the main objective of the research is to analyze the effects of AC, V a , VMA, VFA, V be , etc., on the pavement performances using the AASHTOWare software.
Materials
The dynamic moduli data is grouped into 11 types based on aggregate gradations, number of gyrations used while mix design, and binder types. The average or representative dynamic modulus data for use in the AASHTOWare software has also been developed for each group. The development procedure of the average or representative dynamic modulus data is discussed later in this section. The 11 types of mixtures being studied are listed in Table 1 along with their basic information such as nominal maximum aggregate size (NMAS), performance grade (PG) binder type, number of gyrations used while designing the mixes. Superpave performance grading is reported using two numbers: The first being the average seven-day maximum pavement temperature ( • C); and the second being the minimum pavement design temperature likely to be experienced ( • C). Thus, a PG 70-28 is intended for use where the average seven-day maximum pavement temperature is 70 • C and the expected minimum pavement temperature is −28 • C. The letter, 'S' means the NMAS of 0.75 in. (19 mm). The letter, 'SX' means the NMAS of 0.5 in. (12.5 mm) . The number in the parenthesis is the number of gyrations used in the mix design. 
Dynamic Modulus (E*) Testing
The |E*| testing on collected field cores is conducted using the AASHTO TP 62 [11] test protocol and the asphalt mixture performance tester (AMPT) testing device. The AASHTO TP 62 procedure is described below: The testing frequencies are 0.1 Hz, 1 Hz, and 10 Hz at each temperature with the exception that another (4th) frequency of 0.01 Hz is adopted for 40 • C. (d) N-value tests are run on two of the samples from each set of five at 50 • C.
Developing Dynamic Modulus Mastercurves for AASHTOWare
MasterSolver is used to determine the master curve of a dynamic modulus used in the AASHTOWare software. The dynamic modulus is determined using the following equation [5] :
where:
|E * | = dynamic modulus ω r = reduced frequency, Hz Max = limiting maximum modulus, ksi Min = limiting minimum modulus, ksi β and γ = fitting parameters
The reduced frequency is computed using the Arrhenius equation given below:
ω r = reduced frequency at the reference temperature ω = loading frequency at the test temperature
energy (treated as a fitting parameter)
The combination of the above two equations gives the following:
The shift factors for each temperature are given by the following equation:
a(T) = shift factor at temperature T Designs 2019, 3, 36
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The maximum limiting modulus is estimated from mixture volumetric properties using the Hrisch model shown below, and a limiting binder modulus of 1 GPa [5] :
where: To determine a recommended dynamic modulus from the AMPT (master curve) data, the average raw dynamic moduli, VMA, and VFA of all 11 groups are combined, and the average value are calculated and fitted using the MasterSolver for each type of mixture listed at the beginning of this section. As an example, the average raw dynamic modulus data for S (100) PG 64-22 are presented in Table 2 : 
Effects of Mix Factors on Performance
The effects of different mix factors on the dynamic modulus are determined using AASHTOWare software analysis. The most recent version (Version 2.3 Revision 66) of the AASHTOWare software are used to predict the performance of the trial pavements. A trial section ( Figure 1 ) with a 6-in. (150 mm) single layer of HMA, 6-in. (150 mm) of A-1-b base course, and A-6 sub-grade is used for all analysis. This geometry is most commonly used in Colorado and expected to be common in other areas as well. The resilient moduli (M r ) of the base, and the sub-grade are 38,000 psi (262 MPa), and 14,000 psi (96.5 MPa), respectively. In addition to the mix data, the CDOT-default mix data and the average-fit data is used in the AASHTOWare analysis. Two types of traffic data are used for each group. For the SX (100), S (100), and SMA mixes, the traffic annual average daily truck-traffic (AADTT) is 7000 as these mixes are used for high-traffic roads. For the SX (75) mixes, an AADTT of 3000 is used as these mixes are used for low-traffic roads. Other than the dynamic modulus, the material properties are adopted from the CDOT 2017 M-E Pavement Design Manual [12] . The analysis period is 20 years starting from May 2018. Climate has been selected based on the region where the mixes are collected and is shown in Table 4 . The following five distresses at 90% reliability are analyzed to compare the differences in mix performance: Two types of traffic data are used for each group. For the SX (100), S (100), and SMA mixes, the traffic annual average daily truck-traffic (AADTT) is 7000 as these mixes are used for high-traffic roads. For the SX (75) mixes, an AADTT of 3000 is used as these mixes are used for low-traffic roads. Other than the dynamic modulus, the material properties are adopted from the CDOT 2017 M-E Pavement Design Manual [12] . The analysis period is 20 years starting from May 2018. Climate has been selected based on the region where the mixes are collected and is shown in Table 4 . The following five distresses at 90% reliability are analyzed to compare the differences in mix performance: As an example of data analysis, SX (100) PG 64-22 mix has been discussed here. Table 5 lists the mix factors, aggregate pits, binder suppliers, and contractor information of the SX (100) PG 64-22 mix. Mix factors includes V be , V a , VMA, VFA, and AC. All this information is used while analyzing the performance of different mixes as discussed below. International Roughness Index: Figure 2 shows the IRI of the trial pavement with the service life of the pavement for AADTT = 7000. It shows that the prediction of IRI by the CDOT-default mix (except 19128 P81 14) data is the lowest. International Roughness Index: Figure 2 shows the IRI of the trial pavement with the service life of the pavement for AADTT = 7000. It shows that the prediction of IRI by the CDOT-default mix (except 19128 P81 14) data is the lowest. Total Rutting: Figure 3 shows the total rutting of the trial pavement with the service life of the pavement for AADTT = 7000. It shows that the prediction of total rutting by the CDOT-default mix (except 19128 P81 14) data is the lowest. This means the CDOT-default dynamic modulus data for the PG 62-22 binder predicts a lower rutting compared to that of the actual tested dynamic modulus (except for 19128 P81 14). Comparing contractor to contractor, the prediction varies a lot. For example, if the threshold total value is 15 mm (0.6 in.), then the prediction reaches the threshold from four years to nine years. The statistical analysis shows that several mixes are within the 95% Confidence Interval (CI) boundaries.
(except for 19,128 P81 14). Comparing contractor to contractor, the prediction varies a lot. For example, if the threshold total value is 15 mm (0.6 in.), then the prediction reaches the threshold from four years to nine years. The statistical analysis shows that several mixes are within the 95% Confidence Interval (CI) boundaries. Rutting in the Asphalt Layer only: Figure 4 shows the rutting in the asphalt layer of the trial pavement with the service life of the pavement for AADTT = 7000. It shows that the prediction of rutting in the asphalt layer by the CDOT-default mix (except for 19,128 P81 14) data is the lowest. This means that the CDOT-default dynamic modulus data for the PG 62-22 binder predicts lower rutting in the asphalt layer compared to that of the actual tested dynamic modulus (except for 19,128 P81 14). Comparing contractor to contractor, the prediction varies a lot. For example, if the threshold total value is 8 mm (0.32 in.), then the prediction reaches the threshold from two to seven years. The statistical analysis shows that several mixes are within the 95% CI boundaries. Rutting in the Asphalt Layer only: Figure 4 shows the rutting in the asphalt layer of the trial pavement with the service life of the pavement for AADTT = 7000. It shows that the prediction of rutting in the asphalt layer by the CDOT-default mix (except for 19128 P81 14) data is the lowest. This means that the CDOT-default dynamic modulus data for the PG 62-22 binder predicts lower rutting in the asphalt layer compared to that of the actual tested dynamic modulus (except for 19128 P81 14). Comparing contractor to contractor, the prediction varies a lot. For example, if the threshold total value is 8 mm (0.32 in.), then the prediction reaches the threshold from two to seven years. The statistical analysis shows that several mixes are within the 95% CI boundaries. Bottom-up Fatigue Cracking: Figure 5 shows the bottom-up fatigue cracking of the trial pavement with the service life of the pavement for AADTT = 7000. It shows that the prediction of bottom-up fatigue cracking by the CDOT-default mix data (except for 19,128 P81 14) is the lowest. This means that the CDOT-default dynamic modulus data for the PG 62-22 binder predicts lower bottom-up fatigue cracking compared to that of the actual tested dynamic modulus (except for 19,128 P81 14). The assumed threshold of 35% of the lane area show that the mixes reach the threshold between three and four years, which is very close to each other. The statistical analysis shows that none of the mix listed in Figure 5 is within the 95% CI boundaries. Bottom-up Fatigue Cracking: Figure 5 shows the bottom-up fatigue cracking of the trial pavement with the service life of the pavement for AADTT = 7000. It shows that the prediction of bottom-up fatigue cracking by the CDOT-default mix data (except for 19128 P81 14) is the lowest. This means that the CDOT-default dynamic modulus data for the PG 62-22 binder predicts lower bottom-up fatigue cracking compared to that of the actual tested dynamic modulus (except for 19128 P81 14). The assumed threshold of 35% of the lane area show that the mixes reach the threshold between three and four years, which is very close to each other. The statistical analysis shows that none of the mix listed in Figure 5 is within the 95% CI boundaries. Bottom-up Fatigue Cracking: Figure 5 shows the bottom-up fatigue cracking of the trial pavement with the service life of the pavement for AADTT = 7000. It shows that the prediction of bottom-up fatigue cracking by the CDOT-default mix data (except for 19,128 P81 14) is the lowest. This means that the CDOT-default dynamic modulus data for the PG 62-22 binder predicts lower bottom-up fatigue cracking compared to that of the actual tested dynamic modulus (except for 19,128 P81 14). The assumed threshold of 35% of the lane area show that the mixes reach the threshold between three and four years, which is very close to each other. The statistical analysis shows that none of the mix listed in Figure 5 is within the 95% CI boundaries. Top-down Longitudinal Cracking: Figure 6 shows the top-down longitudinal cracking of the trial pavement with the service life of the pavement for AADTT = 7000. It shows that the prediction of top-down longitudinal cracking by the CDOT-default mix (except for 19128 P81 14) data is the lowest. This means that the CDOT-default dynamic modulus data for the PG 62-22 binder predicts lower top-down longitudinal cracking compared to that of the actual tested dynamic modulus (except 19128 P81 14). Mixes reach the threshold value of 400 m/km (2000 ft./mi.) from three to eight years. The statistical analysis shows that none of the mixes ( Figure 6 ) is within the 95% CI boundaries. To determine the influence of Vbe, Va, VMA, VFA, and AC, a regression analysis is conducted, and the following correlations are obtained. The R 2 of the correlations of IRI, total rutting, rutting in HMA, FC, and TDC are 0.65, 0.60, 0.59, 0.65, and 0.64, respectively. It can be seen that all distresses increase with the increase in VMA, VFA, and AC, and decrease with the increase in Vbe and Va. This To determine the influence of V be , V a , VMA, VFA, and AC, a regression analysis is conducted, and the following correlations are obtained. The R 2 of the correlations of IRI, total rutting, rutting in HMA, FC, and TDC are 0.65, 0.60, 0.59, 0.65, and 0.64, respectively. It can be seen that all distresses increase with the increase in VMA, VFA, and AC, and decrease with the increase in V be and V a . This regression analysis is for the mix, SX (100) PG 64-22. The AASHTOWare outputs for the other mixes listed in Table 1 are analyzed using the same procedure as discussed for the SX (100) PG 64-22 mix here. The influences of different mix factors are not consistent, as observed in the group analysis. The summary of the influence of different mix factors is provided in Table 6 . Different mixes produce different regression coefficients. The reasons may be different aggregate sources, different technicians, human errors, binder source, etc. All distresses except rutting in HMA increase with an increase in V a , VMA, and VFA, and are insensitive to V be and AC in the study range of these parameters. Rutting in HMA increases with an increase in VMA and VFA, and is insensitive to V be , V a , and AC. 
